We report the quantitative measurements of optical and physiological parameters of normal breasts from 19 Singapore women by using time-resolved diffuse optical spectroscopy. Intrinsic absorption coefficient ͑ a ͒ and reduced scattering coefficients ͑ s Ј͒ of breasts were calculated from the time-resolved photon migration data. Physiology of breasts was characterized using the concentrations of oxyhemoglobin, deoxyhemoglobin, total hemoglobin ͑THC͒, and oxygenation saturation. On average, the experiment results showed that the a of young women ͑below 40 years old͒ was 36 to 38% greater than that of older women ͑above 40 years old͒ and that parameter THC was approximately 42% greater. Results also showed that the THC of premenopausal women was 24.3 Mol/ L, which was approximately 69% larger than that of postmenopausal women at 14.1 Mol/ L. Meanwhile, the a of premenopausal women was approximately 60% larger than that of postmenopausal women. Correlation analysis further showed that the optical and physiological parameters of breasts were strongly influenced by changes in the women's age, menopausal states, and body mass index. These in vivo experiment results will contribute to the breast tissue diagnosis between healthy and diseased breast tissues.
Introduction
Near-infrared ͑NIR͒ diffuse optical spectroscopy ͑DOS͒ have been proven in the last decades as a viable noninvasive optical instrument for human breast tissue examination. [1] [2] [3] [4] In comparison to conventional breast cancer diagnostic modalities such as x-ray mammography, 5 breast magnetic resonance imaging ͑MRI͒, 6 and breast ultrasonography, 7, 8 DOS differentiates normal and diseased breast tissues by quantifying the temporal or spatial changes of tissue intrinsic properties. 9 This unique feature makes DOS a useful supplementary tool to the conventional diagnosis modalities. Other system merits, such as noninvasiveness, nonionization hazard, and noncompression of breast are also favorable for routine clinical breast examination. 4, 10 Women with high breast cancer risk or dense breast tissue who may not suitable for conventional diagnostic modalities can benefit from DOS in breast tissue abnormalities examination. 3, 11 One promising DOS instrument currently under development is the time-resolved DOS, which has shown advantages on high temporal resolution, high temporal linearity, and fullspectrum information. 12 Complete spectroscopy characterization can be achieved by analyzing the time-resolved photon migration data, known as the temporal point spread functions ͑TPSF͒. 13 For system implementation, spread spectrum correlation technique is an attractive approach because it offers faster data acquisition speed as well as lightweight system structure compared to the classic time-resolved techniques, which normally involve ultrashort pulse laser and timecorrelated photon count ͑TCSPC͒ devices. [13] [14] [15] Breast cancer is the most common cancer among Singapore women. Early detection of breast cancer is crucial to reduce mortality rates. This research aims to explore the applicability of time-resolved spectroscopy for breast tissue characterization. In this article, we report the quantitative measurements of breast optical properties and physiological parameters from 19 healthy Singapore women. To the best of our knowledge, this is the first characterization of human breasts in vivo in this demographic population. The timeresolved DOS instrument is developed using the pseudorandom bit sequence ͑PRBS͒ correlation technique, which can acquire TPSF signals in a fast speed. Two types of informa-tion are obtained from the time-resolved measurements. The first type is optical properties, specifically the absorption coefficient ͑ a ͒ and the reduced scattering coefficient ͑ s Ј͒. The second type is physiological parameters, specifically, the concentrations of oxyhemoglobin ͑HbO͒ and deoxyhemoglobin ͑Hb͒, the total hemoglobin concentration ͑THC͒, and the oxygenation saturation ͑SO͒. This study examines the parameter characterization in association with the menopausal states and ages. We found that the value of breast optical properties ͑es-pecially the a ͒ and physiological parameters ͑THC and SO͒ varied significantly between premenopausal and postmenopausal women. Meanwhile, we observed a conspicuous contrast in optical and physiological parameters between young ͑below 40 years old͒ and older women ͑above 40 years old͒. Quantitative analysis showed a high correlation between these optical/physiological parameters and the age, body mass index ͑BMI͒, and menopausal states of women.
Materials and Methods

Instrument
In our previous studies, we reported a viable time-domain diffuse optical tomography ͑DOT͒ system using PRBS correlation technique. 16 To obtain time-resolved DOS functionality, the DOT system was reconfigured and optimized. Figure 1 shows the schematic of the time-resolved DOS instrument. Briefly, two NIR laser beams at 785 nm and 808 nm alternatively went through a Mach-Zehnder modulator ͑MZM͒, in which their intensities were modulated by a train of 2.488-Gbps PRBS signal. An optical switch multiplexed the modulated light into nine source fibers. A handheld probe, which mounted all of these source fibers along with an additional four detection fiber bundles, was placed on the breast surface for probing. The optical power of 785 nm and 808 nm at the tips of the source fibers were approximately 1 mW. The source fibers sequentially delivered the excited light into the tissue and the optical reflectance from the breast was fiber-coupled to four avalanche photodiodes ͑APDs͒ through four fiber bundles. The optoelectronic conversion signals were amplified and eventually correlated with the reference PRBS signals at the mixer. The TPSF signals were extracted from the down-conversion and acquired by computer via analog-to-digital converters ͑ADCs͒. Figure 2 shows the handheld probe, which mounts nine source fibers and four fiber bundles in a centrosymmetric pattern. The source-todetector separations range from 1.5 cm to 4.33 cm. In order to acquire system impulse response functions ͑IRFs͒ for each source-detector pair, a diffuse white paper was placed at 18 cm in front of the probe. The optical reflectance acquired by each source-detector pair was regarded as the IRFs. To figure out the fiber-coupling coefficients between fiber bundles and the corresponding APDs, phantom-based experiments were conducted to calibrate the system. The procedures for system IRF acquisition, system calibration and data accuracy assessments of TPSF have been described in detail in the previous studies.
16,17
Models and Assumptions
For in vivo breast tissue probing, the diffusion equation is valid for modeling photon migration behaviors in the breast tissues. 18, 19 Using Green's function as the analytical solution to the diffusion equation, we need to consider the boundary conditions. 20 In this study, the probe works in a reflective mode. Hence the semi-infinite boundary condition should be taken into account. The time-resolved TPSF measurements from the breast can be approximated using the difference between the Green's functions respectively induced by an interpolated real light source and an extrapolated image light source. [18] [19] [20] To calculate the optical properties ͑ a and s Ј͒ from the TPSF measurements, the fitting procedure starts with a reasonable initial estimate p 0 1,2 = a0 1,2 , s0 1,2 Ј = ͓0.03 cm −1 , 8.0 cm −1 ͔ for wavelength 1 = 785 nm and 2 = 808 nm ͑Ref. 4͒. The TPSF prediction R pre was computed from these given estimates. Meanwhile, the TPSF measurements R m were acquired from the breast tissue. A merit function, defined by r i 2 = ͚͑R m − R pre ͒ 2 , is iteratively computed until it meets the convergence criteria ͉r i 2 − r i−1 2 ͉ / r i−1 2 Ͻ T conv , where T conv is a predefined convergence threshold, and i is the iteration number. The initial estimate p 0 1,2 was iteratively updated in a step of
, where C is a step size, and ⌬r ͑i,i−1͒ 2 is the difference between two consecutive iterations. The optical properties of human breast tissues are governed by its constituents such as lipid, water, as well as the significant chromophores, HbO and Hb. In this study, we assumed the wavelength-dependent absorption coefficients of the bulky breast tissue were solely contributed by these four types of chromophores: water, lipid, HbO, and Hb. 
and value of blood oxygenation saturation ͑SO͒ can be obtained by
Parameter THC has a unit of micromole per liter ͑Mol/ L͒. It can be interpreted as the blood volume in the breast tissue, from which one can assess the tissue's blood supply. Parameter SO can be interpreted as the degree of oxygen consumption by the breast tissue. Cancerous tissue normally requires much more blood and oxygen supply, which significantly alters the positional optical properties and the physiological parameters of breast tissue. Thus, positional inhomogeneities of a , s Ј, THC, and SO may indicate the presence of breast tissue abnormities.
Measurement Protocol
The in vivo breast tissue measurements using the timeresolved DOS instrument have been approved by the Institute Review Board of National University of Singapore. Consent from all volunteer subjects was obtained. Subjects were measured in a sitting posture without any compressions on the breast. The handheld probe was placed on the left and right breasts, respectively, and the positions on each breast are at 3, 6, 9, and 12 o'clock, as shown in Fig. 3 
Subjects
A total number of 19 Singapore women were recruited for this spectroscopy research. All subjects were healthy without known breast diseases. They were divided into groups according to their menopausal states and age because both aging and menopause states are strongly associated with the replacement of glandular tissue with fatty tissue. The ages of 3 postmenopausal ͑Post͒ women were 44, 48, and 50 years. The ages of the remaining 16 premenopausal ͑Pre͒ women ranged from 25 to 50 years five women were younger than 40 years, and the remaining 14 women were older than 40 years. The youngest and oldest women subjects were 23 and 50 years old, respectively. Table 1 summarizes the statistics of women subjects by ages and menopausal states. The averaged ͑Mean͒ age of all subjects was 41.7 years, and the standard deviation ͑SD͒ was 11.1 years.
Results and Discussions
The TPSFs obtained from source-to-detector separation of 2.35 cm were selected to calculate the optical properties ͑ a and s Ј͒, because this separation allows the incident photons to reach as deep as centimeters into the breast tissue. 11 The Fig. 3 Probing positions on the left ͑L͒ and the right ͑R͒ breasts ͑front view͒. In order to investigate the relationship between menopausal states and the optical/physiological parameter, 3 postmenopausal ͑Post͒ women and the 16 premenopausal ͑Pre͒ women were examined sequentially. are generally smaller than that of premenopausal women, which agreed with the observations in the literature. 22 Statistical results in Table 3 show that the averaged a of premenopausal women was ͑0.0541Ϯ 0.0141͒ cm −1 at 785 nm-approximately 60% larger than that of premenopausal women at ͑0.0338Ϯ 0.0044͒ cm −1 . At 808 nm, a shows a similar trend of being larger in premenopausal women at ͑0.0557Ϯ 0.0141͒ cm −1 -and approximately 61% higher than that of postmenopausal women, which was found to be ͑0.0347Ϯ 0.0041͒ cm −1 . The difference of s Ј between 785 nm and 808 nm is not significant. At 785 nm, the s Ј of premenopausal women was found to be ͑10.75Ϯ 1.17͒ cm −1 on average, which was approximately 12% larger than that of postmenopausal women at ͑9.6Ϯ 0.83͒ cm −1 . At 808 nm, the contrast is similar. The s Ј of premenopausal women is about 12% larger than that of postmenopausal women. Figure 5 shows a scatter plot of THC versus SO, which was derived from a according to Eq. ͑2͒ and Eq. ͑3͒. It is also clear that the THC of premenopausal women, in general, is higher than that of postmenopausal women. Table 3 shows that the THC of premenopausal women is ͑24.1Ϯ 7.1͒ Mol/ L, which is approximately 69% larger than that of postmenopausal women, which is
The SO difference between the postmenopausal women and premenopausal women is not significant. The age of all 19 subjects in this study was ͑41.7Ϯ 11.1͒ years old. To analyze the relationship between age and optical/physiological alterations, subjects are divided into two groups by age over or below 40 ͑see Table 1͒ . The young women group has 5 women subjects, with ages of ͑24.2Ϯ 1.6͒ years old. The older women group has 14 women subjects, with ages of ͑47.9Ϯ 2.8͒ years old. Table 4 summarizes the averaged optical properties and physiological parameters in terms of age. Significant contrast between two groups can be found in absorption coefficient ͑ a ͒ and total hemoglobin concentration ͑THC͒. The a of the young women group at 785 nm was found to be ͑0.0617Ϯ 0.0143͒ cm −1 , which is approximately 38% larger than the older women group, in which the averaged a was found to be ͑0.0447Ϯ 0.0122͒ cm −1 . At 808 nm, the a of the young women group is ͑0.0631Ϯ 0.1392͒ cm −1 , which is approximately 36% larger than that of the older women group at ͑0.0462Ϯ 0.1261͒ cm −1 . The higher a values associated with the young women group may be explained by the greater content of fibroglandular tissue in the mammographically dense breasts. Similar difference can also be found in the physiological parameter THC. The young women group shows THC at ͑27.9Ϯ 7.0͒ Mol/ L, while the older women group shows THC at ͑19.6Ϯ 6.1͒ Mol/ L. The former is approximately 42% larger than the latter. The difference of reduced scattering coefficients s Ј between the two groups is not significant. The young women group shows an average s Ј of ͑11.307Ϯ 1.010͒ cm −1 at 785 nm and ͑11.268Ϯ 0.987͒ cm −1 at 808 nm. Both are approximately 11% larger than that of the older women group. The parameter of SO between the young women group and older women group is ͑63.8Ϯ 7.6͒% versus ͑64.7Ϯ 11.4͒%. Values are almost same. Figure 6 shows a scatter plot of a among young and older women groups. Figure 7 shows a scatter plot of THC among young and older women. For easy comparison, data of the young women group are shown in red squares, and data of the older women group are plotted as blue circles. The error bar shows the standard deviation on corresponding parameters.
In order to examine the correlation between the optical and physiological parameters and women's age, menopausal states, and BMI, correlation analysis using Pearson's correla- Table 5 Pearson's correlation coefficient between optical and physiological parameters and subject characteristics. Table 5 show that there is a high and significant correlation between the optical properties of a and s Ј and women's age, BMI, and menopausal states in a sequence from high to low. The physiological parameter THC also shows close relationship with women's age, BMI, and menopausal state as well. The correlation between age, BMI, and menopausal states and the parameter SO is low and not significant. The in vivo optical spectroscopy on bulk breast tissues has been investigated worldwide. However, there are subtle differences between results reported from each research group. The differences can be ascribed to the constitutional difference of women subjects ͑ages, menopausal states, races, and so on͒, different methodologies and apparatus, and different laser wavelengths used. Table 6 compiles some recent research results on healthy breast tissue using different spectroscopy techniques. 23 All data are rounded properly for comparison. For example, for examinations on Caucasian women, Durduran et al. 4 reported the a of ͑0.04Ϯ 0.03͒ cm −1 and s Ј of ͑9 Ϯ 2͒ cm −1 at 780 nm from in vivo experiments on 52 healthy women. Results reported by Pogue et al. 24 showed a slight difference. The averaged a and s Ј were ͑0.05Ϯ 0.04͒ cm −1 and ͑10Ϯ 2͒ cm −1 , respectively. Besides the difference in optical parameters, the physiological parameter results between each group are also slightly different. The average value of SO ranges from 61% to 77% and the THC ranges from 16 Mol/ L to 34 Mol/ L. For the study on
Asian women, few reports have been published so far. Suzuki 25 reported that the average a from 30 Japanese women was ͑0.05Ϯ 0.01͒ cm −1 and the average s Ј was ͑9 Ϯ 2͒ cm −1 . In our study, only Southeast Asian women were examined, and the mean values of the optical properties and physiological parameters, as shown in Table 6 , showed a good agreement with the data of Caucasian women as well as other regional Asian women.
Conclusions
In conclusion, we investigated the range of the optical properties and physiological parameters of breast tissues from 19 healthy Singapore women for the first time. The experiments results show a high correlation between the optical properties ͑ a and s Ј͒, physiological parameters ͑THC͒, and the ages, menopausal states, and BMI of women. The results can serve as a benchmark for diseased breast tissue study in near future. 
